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5′ and 3′ Untranslated Regions
Strongly Enhance Performance of
Geminiviral Replicons in Nicotiana
benthamiana Leaves
Andrew G. Diamos, Sun H. Rosenthal and Hugh S. Mason*
Center for Infectious Diseases and Vaccinology, Biodesign Institute, and School of Life Sciences, Arizona State University,
Tempe, AZ, USA
We previously reported a recombinant protein production system based on a geminivirus
replicon that yields high levels of vaccine antigens and monoclonal antibodies in plants.
The bean yellow dwarf virus (BeYDV) replicon generates massive amounts of DNA
copies, which engage the plant transcription machinery. However, we noticed a disparity
between transcript level and protein production, suggesting that mRNAs could be
more efficiently utilized. In this study, we systematically evaluated genetic elements from
human, viral, and plant sources for their potential to improve the BeYDV system. The
tobacco extensin terminator enhanced transcript accumulation and protein production
compared to other commonly used terminators, indicating that efficient transcript
processing plays an important role in recombinant protein production. Evaluation of
human-derived 5′ untranslated regions (UTRs) indicated that many provided high levels
of protein production, supporting their cross-kingdom function. Among the viral 5′
UTRs tested, we found the greatest enhancement with the tobacco mosaic virus
omega leader. An analysis of the 5′ UTRs from the Arabidopsis thaliana and Nicotinana
benthamiana photosystem I K genes found that they were highly active when truncated
to include only the near upstream region, providing a dramatic enhancement of
transgene production that exceeded that of the tobacco mosaic virus omega leader.
The tobacco Rb7 matrix attachment region inserted downstream from the gene of
interest provided significant enhancement, which was correlated with a reduction in
plant cell death. Evaluation of Agrobacterium strains found that EHA105 enhanced
protein production and reduced cell death compared to LBA4301 and GV3101. We
used these improvements to produce Norwalk virus capsid protein at >20% total
soluble protein, corresponding to 1.8 mg/g leaf fresh weight, more than twice the
highest level ever reported in a plant system. We also produced the monoclonal antibody
rituximab at 1 mg/g leaf fresh weight.
Keywords: geminivirus, Nicotiana benthamiana, 5′ untranslated regions, 3′ untranslated regions, monoclonal
antibody, transient expression, virus-like particle
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INTRODUCTION
Recombinant protein production systems have become
an integral part of medicine, industry, and research.
Biopharmaceutical proteins, including monoclonal antibodies,
enzymes, growth factors, and other biologics, are the largest
and fastest growing sector of all pharmaceuticals (Butler and
Meneses-Acosta, 2012). Nearly all of these recombinant proteins
are made with traditional bioreactors using mammalian, insect,
or microbe cell cultures. In recent years, plant systems have
been extensively explored as alternative expression systems
that offer safety, cost-effectiveness, scalability (Huang et al.,
2009; Thuenemann et al., 2013a; Klimyuk et al., 2014; Mortimer
et al., 2015). The potential of plant-based systems has been
demonstrated by the approval of the first plant-derived
therapeutic for Gaucher’s disease and by the advancement of
many plant-made biologics to late-stage clinical development
(Gleba et al., 2014). However, the economic feasibility of plant-
based systems is strongly yield dependent, and thus, methods
of increasing transgene expression are crucial for the success of
plants as a recombinant protein production platform.
We and others have previously reported the potential for viral
vectors based on bean yellow dwarf virus (BeYDV) to be used
for biopharmaceutical production. In this system, the BeYDV
replication elements are used to amplify the genes of interest
to high copy number in the plant cell nucleus in the form
of circular DNA replicons. These replicons utilize the nuclear
transcription machinery, leading to the production of large
amounts of recombinant protein that is dependent on replication
(Huang et al., 2009, 2010; Regnard et al., 2010). Due to the non-
competing nature of BeYDV replicons, multiple proteins can be
produced in the same cell from the same vector. This contrasts
with many RNA virus systems, where the coinfiltration of two
different vectors based on the same virus backbone results in
one vector being preferentially amplified in a single cell, thus
inhibiting the coproduction of multiple proteins in the same cell.
This problem has been partially addressed by the identification of
TMV and PVX as non-competing viruses for the production of
proteins with two heterosubunits (Giritch et al., 2006), however,
this system is incapable of producing proteins with more than
two heterosubunits. In the BeYDV system, there is presently no
known limit to the size or number of proteins that are capable
of being efficiently produced (Chen et al., 2011). Additionally,
the host range of BeYDV allows the use of these vectors in many
dicot plant species, such as tobacco and lettuce (Lai et al., 2012).
Nicotiana species are the most widely used plant for recombinant
protein production due to susceptibility to virus infection, ease of
vacuum infiltration, and high biomass (Gleba et al., 2014).
While BeYDV vectors strongly enhance gene expression
at the level of transcription, replicon amplification greatly
exceeds the enhancement of protein accumulation (Huang
et al., 2009, 2010; Regnard et al., 2010). Moreover, for mRNA
transcripts to be efficiently utilized, the interplay of multiple
post-transcriptional cellular processes is required, many of which
are controlled by the regions upstream and downstream of
the gene coding sequence. The 5′ untranslated regions (UTR)
plays an important role in optimizing transgene production
by competing with cellular transcripts for translation initiation
factors and ribosomes, increasing mRNA half-life by minimizing
mRNAdecay or post-transcriptional gene silencing, and avoiding
deleterious interactions with regulatory proteins or inhibitory
RNA secondary structures (Chiba and Green, 2009; Moore and
Proudfoot, 2009; Jackson et al., 2010).
The 5′ UTR from the genomic RNA of tobacco mosaic virus,
known as the omega leader, is one of the most well-studied
enhancers of translation (Gallie andWalbot, 1992). Several other
viral 5′ UTRs have been found to greatly enhance transgene
production in many plant systems, including those from alfalfa
mosaic virus (AMV; Gehrke et al., 1983), tobacco etch virus
(Carrington and Freed, 1990), and pea seadborne mosaic virus
(Nicolaisen et al., 1992). Many RNA viruses, such as barley
yellow dwarf virus (BYDV), also have 3′ UTRs that contain 3′
cap-independent translation enhancers, which enhance reporter
production in tobacco and oat protoplasts (Fan et al., 2012). The
combination of the 5′ and 3′ UTRs from cowpea mosaic virus
improved protein production in transient expression assays using
Nicotiana benthamiana, likely due to translational enhancement
(Sainsbury et al., 2009). Two native plant 5′ UTRs were identified
that improved transgene production at levels comparable to viral
5′ UTRs in transgenic cotton and tobacco (Agarwal et al., 2014).
Additionally, a synthetic 5′ UTR was also reported to enhance
protein production at a level similar to the TMV 5′ UTR in
transgenic tobacco and cotton (Kanoria and Burma, 2012).
Genetic elements downstream from the gene of interest
also play a crucial role in optimizing protein production.
Proper transcript termination and polyadenylation are necessary
for nuclear export, mRNA stability, efficient translation, and
prevention of gene silencing (Luo and Chen, 2007; Moore and
Proudfoot, 2009). Several terminators have been investigated
for their potential to enhance protein production in plants.
The 3′ UTR from the potato pinII gene was found to enhance
hepatitis B virus surface antigen 10–50 fold in transgenic potato
compared to the Agrobacterium-derived nopaline synthase
terminator (Richter et al., 2000). Combining the nopaline
synthase terminator with the 35S terminator from cauliflower
mosaic virus resulted in a 5–65 fold enhancement of yellow
fluorescent protein production compared to the 35S terminator
alone (Beyene et al., 2011).
Additionally, chromatin scaffold/matrix attachment regions
(MARs) have been explored as genetic elements capable of
enhancing transgene production in plant systems. MARs are AT-
rich regions thought to be involved in higher-order chromatin
structure and that preferentially associate with nuclear matrix,
a complex cellular structure with many proposed roles (Liebich
et al., 2002; Calikowski et al., 2003; Halweg et al., 2005).
Experiments in whole plants and plant cell cultures have shown
that the presence of MARs can enhance transcription of flanking
genes. The tobacco Rb7 MAR also increased the proportion
of plant transformants expressing a transgene (Halweg et al.,
2005). Furthermore, MARs have been implicated in the reduction
of transgene silencing (Mlynarova et al., 2003). The tobacco
TM6 MAR was shown to reduce repressive DNA methylation
in flanking promoter regions and enhance recombinant protein
production in transgenic tobacco (Ji et al., 2013). An expression
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vector based on a mild strain of BeYDV that contained the
Rb7 MAR has been previously reported, though a comparison
to a vector without the MAR was not made (Regnard et al.,
2010). The ability for MARs to enhance protein production
in transient expression systems has not been thoroughly
investigated.
Agrobacterium-mediated T-DNA transfer (reviewed in
(McCullen and Binns, 2006) is the preferred method of gene
delivery in plant transient expression systems (Chen and Lai,
2015). However, Agrobacterium is a plant pathogen that has
complex effects on infiltrated leaf tissues and often elicits a
cell death response (Ditt et al., 2001; Veena et al., 2003). Many
studies have found variable effects of different Agrobacterium
strains, depending on the plant species and system used. One
study found that strain GV3101 provided higher transgene
expression in N. benthamiana and N. excelsiana than strains
LBA4404, C58C1, at6, at10, at77 and A4 (Shamloul et al., 2014).
Additionally, many Agrobacterium strains vary greatly in their
T-DNA transfer efficiency. Super virulent strains based on strain
A281, such as EHA105, were shown to overexpress virG, a
transcriptional activator which regulates vir gene expression (Jin
et al., 1987). Constitutively activated virG mutants (Gao et al.,
2006) have been used to increase T-DNA transfer efficiency, even
when supplied on a separate plasmid (van der Fits et al., 2000).
A mutant form of virD2 was found to enhance gene delivery to
tobacco cells (Reavy et al., 2007). These studies suggest there
is potential to improve Agrobacterium T-DNA transfer and
minimize deleterious plant cell interactions.
In the present study, we investigated the potential for diverse
genetic elements to enhance protein production using BeYDV
vectors. We show that optimizing the 5′ UTR and 3′ transcription
terminator region substantially enhances the production of GFP,
Norwalk virus capsid protein (NVCP), and the monoclonal
antibody rituximab. Further, we demonstrate the potential for a
MAR to reduce cell death and enhance protein production in
a transient expression system. We also show that the choice of
Agrobacterium strain can play an important role in plant cell
death and recombinant protein yield. Using these optimizations,
we have achieved yields of vaccine antigens and monoclonal
antibodies equal to or greater than the highest levels ever reported
in plant systems.
MATERIALS AND METHODS
Vector Construction
Geminiviral Replicon with colE1 Origin of Replication
We constructed a T-DNA backbone vector containing the colE1
origin to enable high-copy replication of plasmids in Escherichia
coli. The T-DNA vector pGPTV-Kan (Becker et al., 1992)
was digested with BglII and the vector fragment ligated to
produce pGPTVKbb containing the pRK2 oriV, trfA, and nptIII
(kanamycin resistance) genes. The colE1 origin from pUC19
was amplified by PCR with primers oriE-Pst-F and oriE-Mlu-R
(Table 1), digested with PstI-MluI and ligated with pGPTVKbb
digested likewise, to yield pVEKtrf, which was digested with
BspEI and religated to produce pEKtrf (thus lacking oriV). The
TABLE 1 | Oligonucleotides used in this study.
PsaK1-Xho-F TACTCGAGCTGAAACAGTCCATTCTGAGGC
PsaK1-Xba-R GGTCTAGATTTAATTTGCAGCAACTCAACTTTTTTTTCTC
PsaK1T-Xho-F CCCTCGAGAAAAGCCAATTAAACTAAAAAAAGAAGAG
PsaK2-Xho-F ATCTCGAGACAAGTATCTTAGTGTATCCAGAATAGCC
PsaK2-Xba-R GCTCTAGATGTTGCAGAAATTTCAAAGAATTGGAAATGC
PsaK2T-Xho-F AACTCGAGAAACAAACAAAATCAACAAATATAGAAAATAACG
Ext1 GTGAGCTCGAAGTGACATCACAAAGTTGAAG
Ext2 CAGAATTCGTCATAACTGTAGAAATGATTCC
GFP-f GTCCAGGAGCGCACCATCTTCT
GFP-r GATGCCCTTCAGCTCGATGCGGTT
Mar-1 GCGAATTCTCGATTAAAAATCCCAATTATATTTGG
Mar-2 GCGAATTCACTATTTTCAGAAGAAGTTCCC
Mar-Pst1 GCCTGCAGTCGATTAAAAATCCCAATTATATTTGG
Mar-Pst2 GCCTGCAGACTATTTTCAGAAGAAGTTCCC
5D5-F TCGACATATTGAAGAGACAGAGTGATATATAAAACTGCTAAc
5D5-R CATGGTTAGCAGTTTTATATATCACTCTGTCTCTTCAATATG
10-F TCGAAGAATTTTTAGTCAAGAAGTGAc
10-R CATGGTCACTTCTTGACTAAAAATTCT
12-F TCGAAGTGGACGTCAATACTTACGCAc
12-R CATGGTGCGTAAGTATTGACGTCCACT
13-F TCGAAGATTTAAGTGACGATAAAGTTac
13-R CATGGtAACTTTATCGTCACTTAAATCT
19-F TCGAAGTTGTTTTGGATTTAGTCAAGc
19-R CATGGCTTGACTAAATCCAAAACAACT
20-F TCGAGGATATGAATGTTGAACAGCTTac
20-R CATGGtAAGCTGTTCAACATTCATATCC
23-F TCGAACGAATGCAATCTTGGACGTTAc
23-R CATGGTAACGTCCAAGATTGCATTCGT
26-F TCGATGTGAGAATGAATGTTAGCAAAc
26-R CATGGTTTGCTAACATTCATTCTCACA
43-F TCGATTATTGCTGAAGTTTTGAGTTAc
43-R CATGGTAACTCAAAACTTCAGCAATAA
43-Bsa-F GCGGTCTCCCTAGTTATTGCTGAAGTTTTGAGTTA
48-F TCGATGAAGAGAAAGTTGAAATTGTAc
48-R CATGGTACAATTTCAACTTTCTCTTCA
54-F TCGAAGTGAACTGCAAACGGATTACAc
54-R CATGGTGTAATCCGTTTGCAGTTCACT
PPT-F TCGAAAAAGAAGGAAAAAGAAGGGAAGAAAAGGac
PPT-R CATGGtCCTTTTCTTCCCTTCTTTTTCCTTCTTTT
PSI-F1 TCGAAAAAACAAAAATAAAAAAAACATCGCACAAGAAA
PSI-F2 ATAAAAGATTTGTAGAATCAACTAAGAAACCATG
PSI-R1 CATGGTTTCTTAGTTGATTCTACAAATCTTTTATTTTC
PSI-R2 TTGTGCGATGTTTTTTTTATTTTTGTTTTT
TMV-F TCGAACAATTACTATTTACAATTACAc
TMV-R CATGGTGTAATTGTAAATAGTAATTGT
BYDV5-Xho-F TTCTCGAGTGAAGATTGACCATCTCACAAAAGC
BYDV5-Nco-R TTCCATGGTGGCGGTGGGGATAGAAGGG
BYDV3-Kpn-F AAGGTACCAGTGAAGACAACACC
BYDV3-Sac-R ATGAGCTCGGGTTGCCGAACTGC
PEMV-F1 TCGAGGGTATTTATAGAGATCAGTATGAACTGTGTC
GCTAGGATCAAGCGG
PEMV-F2 TGGTTCACACCTGACTTCACCCCTGGCGAGGGCGTGAAG
TCTAC
PEMV-R1 CATGGTAGACTTCACGCCCTCGCCAGGGGTGAAGTCAGG
TGTGAACCACCGC
(Continued)
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TABLE 1 | Continued
PEMV-R2 TTGATCCTAGCGACACAGTTCATACTGATCTCTATAAATACCC
PEMV3-Bsr-F ATTGTACAAGTAAGGCTTCGCTTCCCGCC
Xho-AMV5-F TCGAGTTTTTATTTTTAATTTTCTTTCAAATACTTCCAACAT
PSI3′-Xho-F CGCTCGAGTCGCACAAGAAAATAAAAGATTTG
PSI5′-Xba-R CCTCTAGATTTTATTTTCTTGTGCGATGTTTT
PSI5′-Nco-R CCCCATGGTTTTATTTTCTTGTGCGATGTTTT
PSI-Xba-R GGTCTAGATTTCTTAGTTGATTCTACAAATCTTTTA
5D5-Xba-R GGTCTAGATTAGCAGTTTTATATATCACTCTGTC
10.10-Xba-R CGTCTAGATCACTTCTTGACTAAAAATTCTTC
10.43-Xba-R CGTCTAGATAACTCAAAACTTCAGCAATAATC
10.20-Xba-R CGTCTAGAtAAGCTGTTCAACATTCATATCC
oriE-Pst-F CCCTGCAGACCAAGTTTACTCATATATAC
oriE-Mlu-R CCACGCGTAAAAAGGCCGCGTT
oriV-Bgl-F GCAGATCTCGACGAGCAAGGCAAGA
oriV-R1-R GGGGAATTCAATGGCAAGGACTGCC
Ext3i-R CAATTTGCTTTGCATTCTTGAC
35S-Bsa-F GCGGTCTCGGCATGGTGGAGCACGA
MAR-Kpn-2 GCGGTACCACTATTTTCAGAAGAAGTTCCC
kpn-f-SIR GTGGTACCGAGTGTACTTCAAGTCAGTTGG
BAA-Xba-F CCTCTAGAACAATGGCTAACAAACATCTTTCTTTG
RituxG-Sac-R CCGAGCTCTTACTTACCAGGTGAAAGAGAC
RituxK-Sac-R CCGAGCTCTTAGCACTCTCCCCTATTAAAAG
oriV segment was amplified by PCR from pGPTV-Kan with
primers oriV-Bgl-F and oriV-R1-R, digestedwith BglII-EcoRI and
ligated with pEKtrf digested BglII-MfeI to give pEKtrfV. A DNA
segment containing the A. tumefaciens T-DNA left border
was inserted by ligation of the 2631 bp BglII-BspEI fragment
from pHB114 (Richter et al., 2000) with pEKtrfV digested
likewise, yielding pEKtrfVa. The backbone from pEKtrfVa was
incorporated into a geminiviral replicon T-DNA vector by a
3-fragment ligation: pEKtrfVa digested PvuI-BspEI, pBYR2p19
(Chen et al., 2011) digested PvuI-XbaI (2747 bp), and pBYR2p19-
GFP digested XbaI-BspEI (3677 bp), yielding pBYR2e-GFP. The
GFP cds in pBYR2e-GFPwas replaced with the pUC19 polylinker
(XbaI to SacI) by digestion/ligation of both plasmids with XbaI-
SacI, to make pBYR2eFa.
3′ Terminator Constructs
We constructed geminiviral replicons with different 3′ terminator
regions downstream of reporter genes. pBYGFP.R (Huang et al.,
2009) contains the tobacco etch virus (TEV) 5′UTR and the
soybean vspB 3′ region flanking the GFP cds. The tobacco
(Nicotiana tabacum) extensin gene 3′ flanking region, 732 bp
including an intron of 226 bp, was amplified by PCR using
primers Ext1 and Ext2, which introduced a SacI site at the 5′
end and EcoRI site at the 3′ end. After digestion with SacI and
EcoRI, the extensin 3′ region was substituted for the vspB 3′ region
in pBYGFP.R to make pBYGFP.REF. Constructs pBYNVCP.R
and pBYNVCP.REF were generated by replacing the GFP coding
sequence of the pBYGFP.R and pBYGFP.REF with the NVCP cds
from psNV210 (Zhang and Mason, 2005) using XhoI and SacI
sites.
5′UTR Constructs
We constructed expression vectors having different 5′UTRs
linked to reporter genes (Table 2). The shuttle cloning
vector pBY-GFP212 was constructed by 4-fragment ligation:
pBY027 (Mor et al., 2003) digested PstI-EcoRI (vector),
pBTI210.3 (Judge et al., 2004) digested PstI-NcoI (820 bp
35S promoter + TMV 5′UTR), pGFPi210 (Huang et al.,
2009) digested NcoI-SacI (726 bp GFP cds), and pBYR2p19
digested SacI-EcoRI (482 bp tobacco extension 3′ region).
Oligonucleotides (Table 1) encoding different 5′UTR segments
were designed to anneal with 5′ ends compatible with a cut XhoI
site (5′ protruding TCGA) and 3′ ends compatible with a cut
NcoI site (5′ protruding CATG). The annealed oligonucleotides
were phosphorylated with polynucleotide kinase + ATP, and
ligated with pBY-GFP212 digested XhoI-NcoI to produce the
various 5′UTR constructs, pBY-GFP212-XX. The constructs
were ligated into pBYR2eFa on MfeI-SacI fragments, to give
various P35S-5′UTR-GFP-Ext3′ constructs named pBYR2eXX-
GFP (Figure 1).
Selected constructs were converted to non-replicating vectors
by deletion of the BeYDV Rep genes and the downstream
LIR, accomplished by digesting with BamHI-AvrII, filling the
recessed 3′ ends with Klenow fragment DNA polymerase,
and ligating the vector fragment, to give plasmids named
pBYL2eXX-GFP. A non-replicating construct with TMV 5′UTR
was constructed by ligation of pBYL2e20-GFP digested MfeI-
SacI (vector) and pBYR2e-GFP digested MfeI-SacI (1150 bp) to
yield pBYL2eFc-GFP. Truncations of the A. thaliana psaK (PSI)
5′UTR in non-replicating vectors were made. PCR amplification
of pBYL2ePSIa-GFP with primers PSI3′-Xho-F and Ext3i-R,
digestion of the product with XhoI-SacI, and insertion into
pBYL2eFc-GFP digested XhoI-SacI yielded pBYL2ePSI3′-GFP,
containing the 3′ 41 nt of the 5′UTR. A similar deletion of
the 3′ end was produced by PCR amplification of pBYL2ePSIa-
GFP with primers 35S-Bsa-F and PSI5′-Xba-R, digestion of
the product with MfeI-XbaI, and insertion into pBYL2eFc-
GFP digestedMfeI-XbaI to make pBYL2ePSI5′-GFP. Replicating
vectors containing the 3′ 41 nt of the AtPsaK 5′ UTR were
generated by digesting pBYL2ePSI3′-GFP with XbaI-FseI (vector
fragment) and inserting the XbaI-FseI fragment from either
pBYR2e-GFP or pBYR2eFa-sNV to generate pBYR2eP3-GFP and
pBYR2eP3-sNV respectively.
Homologs of A. thaliana psaK were identified using the Sol
Genomics N. benthamiana draft genome (https://solgenomics.
net/organism/Nicotiana_benthamiana/genome). pBYR2e-GFP
was digested XhoI-SacI and the GFP fragment was inserted into
psNV120e (a non-replicating T-DNA vector; details available
upon request) digested XhoI-SacI yielding pGFPe-TMV. The
upstream region from the first psaK homolog, referred to as
NbPsaK1, was PCR amplified from N. benthamiana genomic
DNA using primers PsaK1-Xho-F and PsaK1-Xba-R, and
the second homolog, referred to as NbPsaK2, was amplified
similarly using primers PsaK2-Xho-F and PsaK2-Xba-R. The
PCR fragments were digested with XhoI-XbaI and ligated into
pGFPe-TMV digested XhoI-XbaI yielding pGFPe-NbPsaK1 and
pGFPe-NbPsaK2. A truncation of the NbPsaK1 5′ UTR was
generated by PCR amplifying pGFPe-NbPsaK1 with primers
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TABLE 2 | List of the 5′ UTR DNA sequences used in this study.
Name Description Sequence
TMV Tobacco mosaic virus GTATTTTTACAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACTATTTACAA
TMV 3′ Tobacco mosaic virus ACAATTACTATTTACAATTACA
AMV Alfalfa mosaic virus TTTTTATTTTTAATTTTCTTTCAAATACTTCCA
TEV Tobacco etch virus GAATTAATTCTCAACACAACATATACAAAACAAACGAATCTCAAGCAATCAAGCATTCTACTTC
TATTGCAGCAATTTAAATCATTTCTTTTAAAGCAAAAGCAATTTTCTGAAAATTTTCACCATT
TACGAACGATAG
5D5 Human-derived CATATTGAAGAGACAGAGTGATATATAAAACTGCTAA
10 Human-derived AGAATTTTTAGTCAAGAAGTGA
12 Human-derived AGTGGACGTCAATACTTACGCA
13 Human-derived AGATTTAAGTGACGATAAAGTT
19 Human-derived AGTTGTTTTGGATTTAGTCAAG
48 Human-derived TGAAGAGAAAGTTGAAATTGTA
54 Human-derived AGTGAACTGCAAACGGATTACA
20 Human-derived GGATATGAATGTTGAACAGCTT
23 Human-derived ACGAATGCAATCTTGGACGTTA
26 Human-derived TGTGAGAATGAATGTTAGCAAA
43 Human-derived TTATTGCTGAAGTTTTGAGTTA
PP Synthetic polypurine AAAAGAAGGAAAAAGAAGGGAAGAAAAGGG
AtPsaK A. thaliana psaK AAAAACAAAAATAAAAAAAACATCGCACAAGAAAATAAAAGATTTGTAGAATCAACTAAGAAA
AtPsaK 5′ 5′ end of AtPsaK (deletion of nucleotides 1–23) AAAAACAAAAATAAAAAAAACATCGCACAAGAAAATAAAA
AtPsaK 3′ 3′ end of AtPsaK (deletion of nucleotides 42–63) TCGCACAAGAAAATAAAAGATTTGTAGAATCAACTAAGAAA
NbPsaK1 N. benthamiana psaK CTGAAACAGTCCATTCTGAGGCCACAAACTCCTTGCTTTGGGTAATGGGCCTATGTCACAGA
AACTTGTTTGGAACCCCAGTAGATTTATACAAACAATTTTGTCAAAAGCCAATTAAACTAAAA
AAAGAAGAGAAAAAAAAGTTGAGTTGCTGCAAATTAAA
NbPsaK1 3′ 3′ end of NbPsaK1 (deletion of nucleotides 59–163) AAAAGCCAATTAAACTAAAAAAAGAAGAGAAAAAAAAGTTGAGTTGCTGCAAATTAAA
NbPsaK2 N. benthamiana psaK ACAAGTATCTTAGTGTATCCAGAATAGCCCCTTCTGTGGCCACAAACTCTTCAAGTGGCCAT
GCCACAGAAACTTCTTTCCACCAGAAAAGGGTTTATAACAATTTAAACAAACAAAATCAACA
AATATAGAAAATAACGCATTTCCAATTCTTTGAAATTTCTGCAACA
NbPsaK2 3′ 3′ end of NbPsaK2 (deletion of nucleotides 75–170 ATAACAATTTAAACAAACAAAATCAACAAA
TATAGAAAATAACGCATTTCCAATTCTTTGAAATTTC
TGCAACA
Sequences shown here do not include the nucleotides “TCGA” that were added at 5′ to produce a XhoI overhang. At 3′, some constructs used “ACC” to accommodate
a NcoI site, and others used “TCTAGAACA” to accommodate a XbaI site.
PsaK1T-Xho-F and Ext3i-R, digestion of the product with XhoI-
SacI, and insertion into pGFPe-TMV digested XhoI-SacI to yield
pGFPe-NbPsaK1T. pGFPe-NbPsaK2T was created similarly
using PCR primers PsaK2T-Xho-F and Ext3i-R, followed by
XhoI-SacI digestion and insertion into pGFPe-TMV digested
XhoI-SacI.
Selected 5′UTRs were modified to contain XbaI sites at the
3′ end for fusion with the NVCP cds. The shuttle vectors
(pBY-GFP212-XX) were amplified by PCR with reverse primers
containing an XbaI site and M13-R, and the resulting products
digested PstI-XbaI and ligated with pBYR2eFa-sNV digested
likewise, thus yielding the various vectors names pBYR2eXX-sNV.
FIGURE 1 | Vector Map. Generalized schematic representation of the T-DNA region of the BeYDV vectors used in this study. RB and LB, the right and left borders
of the T-DNA region; NOS3′ , Agrobacterium nopaline synthase 3′ element; P19, tomato bushy stunt virus P19 silencing suppressor; PNOS, Agrobacterium nopaline
synthase promoter; LIR, long intergenic region of the BeYDV genome; 5′/3′ MAR, tobacco Rb7 matrix attachment region; P35S, 35S promoter from cauliflower
mosaic virus; Rep/RepA, C1/C2 ORFs from BeYDV encoding the viral replication proteins. The 5′ UTR, terminator, and 5′/3′ MAR elements are as described in each
subsequent section.
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The rituximab heavy chain was obtained by PCR amplifying
pMAP-RitX-G1-B (a kind gift from Mapp Biopharmaceuticals,
San Diego, CA, USA) with primers BAA-Xba-F and RituxG-
Sac-R. The resulting PCR fragment was digested with XbaI-
SacI and ligated into a derivative of pBY027 (Mor et al.,
2003), digested likewise, yielding pBYR0-LRtxGT. The rituximab
light chain was similarly cloned by amplifying pMap-RitX-K-b
(Mapp Biopharmaceuticals) with BAA-Xba-F and RituxK-Sac-
R, digested XbaI-SacI, and ligated into a derivative of pBY027
digested likewise to yield pBYR0-LRtxKF. To generate T-DNA
vectors, the rituximab heavy chain was obtained by XhoI-
SacI digestion of pBYR0-LRtxGT and inserted into pBYR2e-
GFP (vector) digested XhoI-SacI to yield pBYR2e-MRtxG. The
rituximab light chain was obtained by XhoI-SacI digestion of
pBYR0-LRtxKF and inserted into pBYR2e-GFP digested XhoI-
SacI to yield pBYR2e-MRtxK. The AtPsaK 5′ UTR fused
to the rituximab heavy and light chains was obtained by
digesting pBYR0-LRtxGT XbaI-SacI (heavy chain) or pBYR0-
LRtxKF XbaI-SacI (light chain) and ligating into pBYR2ePSI-
GFP (vector) digestedXbaI-SacI to yield pBYR2ePSI-MRtxG and
pBYR2ePSI-MRtxK respectively.
MAR Constructs
The tobacco Rb7 MAR was PCR amplified from genomic DNA
using primers Mar-1 and Mar-2 designed to create EcoRI sites
on either end. The amplified fragment was digested with EcoRI
and ligated into pBY027 digested likewise to yield pBY027-MAR.
pBY027-MAR was PCR amplified with primers Mar-1 and Mar-
Kpn-2 to create a KpnI site on the 3′ end. To generate a KpnI
in the BeYDV vector, primers LIR-R and Kpn-F-SIR were used
to amplify the LIR-C1/C2-SIR segment of pBYGFP.REF. A 3-
fragment ligation consisting of pBYGFP.REF (vector) digested
HindIII-EcoRI, the HindIII-KpnI digested segment of the LIR-
C1/C2-SIR PCR product, and the KpnI-EcoRI digested MAR
fragment was used to make pBYR-GEM. To create the 5′
MAR, pBY027-MAR was PCR amplified with primers Mar-
Pst1 and Mar-Pst2. The product was digested with PstI and
ligated into pBYR-GEM digested with Sbf I to make pBYR-
MGEM. The SacI-FseI fragment containing the 3′ MAR from
pBYR-MGEM was ligated into vectors containing the rituximab
heavy chain (pBYR2e-MrtxG) or light chain (pBYR2e-MRtxK)
to yield pBYR2e-MRtxGM and pBYR2e-MRtxKM respectively.
The 5′ + 3′ MAR rituximab construct was created by digesting
pBYR-MGEM with XhoI-AscI to obtain the 5′ MAR fragment,
and ligating it into pBYR2e-MRtxG or pBYR2e-MRtxK, yielding
pBYR2e-MMGM and pBYR2e-MMKM respectively.
Agroinfiltration of Nicotiana
benthamiana Leaves
Binary vectors were separately introduced into Agrobacterium
tumefaciens LBA4404, LBA4301, GV3101, or EHA105 by
electroporation. The resulting strains were verified by restriction
digestion or PCR of plasmid DNA, grown overnight at 30◦C,
and used to infiltrate leaves of 5- to 6-week-old N. benthamiana
maintained at 23–25◦C. Briefly, the bacteria were pelleted by
centrifugation for 5 min at 5,000 g and then resuspended in
infiltration buffer [10 mM 2-(N-morpholino)ethanesulfonic acid
(MES), pH 5.5 and 10 mM MgSO4] to OD600 = 0.2. The
resulting bacterial suspensions were injected by using a syringe
without needle into leaves through a small puncture (Huang
and Mason, 2004). For antibody coinfiltrations, Agrobacterium
suspensions were mixed such that the final concentration of each
corresponded to OD600 = 0.2. Plant tissue was harvested at 4
DPI unless otherwise noted.
Protein Extraction
Total protein extract was obtained by homogenizing
agroinfiltrated leaf samples with 1:5 (w:v) ice cold extraction
buffer (25 mM sodium phosphate, pH 7.4, 100 mM NaCl, 1 mM
EDTA, 0.2% Triton X-100, 10 mg/mL sodium ascorbate,
10 mg/mL leupeptin, 0.3 mg/mL phenylmethylsulfonyl
fluoride) using a Bullet Blender machine (Next Advance,
Averill Park, NY, USA) following the manufacturer’s instruction.
To enhance solubility, homogenized tissue was rotated at
room temperature for 30 min. The crude plant extract was
clarified by centrifugation at 10,000 g for 10 min at 4◦C. Protein
concentration of clarified leaf extracts was measured using a
Bradford protein assay kit (Bio-Rad) with bovine serum albumin
as standard.
SDS-PAGE
For SDS-PAGE, clarified plant protein extract was mixed with
sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol,
200 mM dithiothreitol, 0.02 % bromophenol blue), boiled for
10 min, and separated on 4–15% polyacrylamide gels (Bio-Rad).
For GFP fluorescence, PAGE gels were visualized under UV
illumination (365 nm). PAGE gels were stained with PageBlue
protein staining solution (Thermo Fisher) or Coomassie stain
(Bio-Rad) following the manufacturer’s instructions. Following
protein staining, the 26 kDa band corresponding to GFP or the
58 kDa band corresponding to NVCPwere analyzed using ImageJ
software to quantify the band intensity.
ELISA
NVCP concentration was analyzed by sandwich ELISA as
described (Mason et al., 1996). Briefly, a rabbit polyclonal anti-
NVCP antibody was bound to 96-well high-binding polystyrene
plates (Corning), and the plates were blocked with 5% non-
fat dry milk in PBS. After washing the wells with PBST (PBS
with 0.05% Tween 20), the plant extracts were added and
incubated. The bound NVCP were detected by incubation with
guinea pig polyclonal anti-NVCP antibody followed by goat anti-
guinea pig IgG-horseradish peroxidase conjugate. The plate was
developed with TMB substrate (Pierce) and the absorbance was
read at 450 nm. Plant-produced NVCP was used as the reference
standard (Kentucky BioProcessing).
For rituximab quantification, plant protein extracts were
analyzed by ELISA designed to detect the assembled form of
mAb (with both light and heavy chains) as described previously
(Giritch et al., 2006). Briefly, plates were coated with a goat anti-
human IgG specific to gamma heavy chain (Southern Biotech,
Birmingham, AL, USA). After incubation with plant protein
extract, the plate was blocked with 5% non-fat dry milk in PBS,
then incubated with a HRP-conjugated anti-human-kappa chain
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antibody (Southern Biotech) as the detection antibody. Human
IgG was used as a reference standard (Southern Biotech).
GFP Fluorescence
Leaves producing GFP were photographed under UV
illumination generated by a B-100AP lamp (UVP, Upland,
CA, USA). The GFP fluorescence intensity was examined on
a microplate reader (Molecular Device Co, Spectra Max M2).
GFP samples were prepared by serial twofold dilution with
phosphate buffered saline (PBS, 137 mM NaCl, 2.6 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) and 50 μl of
each sample was added to black-wall 96-well plates (Corning),
in duplicate. The excitation and emission wavelength were 485
and 538 nm, respectively. All measurements were performed
at room temperature and the reading of an extract from an
uninfiltrated plant leaf was subtracted before graphing. E. coli
expressed GFP was used to generate the standard curve. GFP
gene was cloned into the pET28 expression vector (Invitrogen)
and IPTG-induced GFP was purified using TALON His-Tag
purification resin (Clontech).
cDNA Synthesis and Quantitative
RT-PCR
Total RNA was prepared using Plant RNA Reagent (Invitrogen)
according to the manufacturer’s protocol and residual DNA was
removed using the DNAfree system (Ambion). Aliquots of 1 μg
of total RNA were subjected to first-strand cDNA synthesis
with oligo dT20 primer using a Superscript III First-Strand
Synthesis System (Invitrogen) according to the manufacturer’s
instructions: a 10 μl reaction was prepared using 1 μg total
RNA, 100U Superscript III Reverse Transcriptase (Invitrogen)
and 50 pmol oligo dT20 primers. The reaction as carried out
for 50 min at 50◦C, and then 5 min at 85◦C to deactivate
the enzyme. The cDNA was stored at −20◦C. Quantitative
RT-PCR was performed on an IQ5 Real-Time PCR Detection
System (Bio-Rad). For GFP transcripts, gene specific primers
(GFP-f and GFP-r) and custom made Taqman probe (GFP-
pro, Integrated DNA Technologies) were used. As an internal
control, N. benthamiana translation elongation factor 1 alpha
(EF1a, accession number AY206004) was used (primers EF1f,
EF1r and EF1p). Each sample was measured in triplicate for GFP
transcripts and an internal reference gene and compared to a
standard curve using purified plasmid DNA. Reactions contained
in 25 μl: 2 μl of 1:10 diluted cDNA, 2.5 μl of 10X Ex Taq buffer
(20 mMMgCl2), 1μl of 10μMeach gene-specific primers, 0.5μl
of 10 μM gene specific probe labeled with FAM (Integrated DNA
Technologies), 0.2 μl of Ex Taq polymerase (5 U/μl) and 17.8 μl
of distilled water. PCR conditions were: 50◦C for 2 min, 95◦C for
10 min, followed by 40 cycles at 95◦C for 15 s and 55◦C for 30 s.
Relative quantification of target gene transcript was estimated
using standard curve of Ct values generated using 10-fold serial
dilution of plasmid DNA.
Statistical Analysis
For each experiment, plants of the same age were used to
minimize developmental differences. Additionally, experiments
were designed to compare each construct directly on the same leaf
to minimize leaf-to-leaf variation. Comparisons between leaves
were made using leaves of similar developmental stage. Data are
presented as mean± SE. Three or more independent infiltrations
were made for each experiment and compared using Student’s
t-test (two-tailed). P < 0.05 was represented with two stars (∗∗)
and P < 0.01 was represented with three stars (∗∗∗).
RESULTS
Tobacco Extensin Terminator Enhances
Transgene mRNA Accumulation and
Protein Production
We previously reported BeYDV vectors that contained the
soybean vspB terminator following the gene of interest (Huang
et al., 2009). We tested several 3′ elements and identified
the tobacco extensin terminator as an efficient transcription
terminator and a potent enhancer of transgene expression, as
compared to the nopaline synthase, 35S, and other commonly
used terminators (data to be presented elsewhere). Extensin is
a hydroxyproline-rich glycoprotein that constitutes the major
protein component of cell walls.
To test the potential of the tobacco extensin terminator
to enhance protein production in the BeYDV system,
N. benthamiana leaves were agroinfiltrated with replicating
GFP vectors containing either the soybean vspB terminator or
the tobacco extensin terminator (Figure 1). Protein extracts
from agroinfiltrated leaf samples were analyzed from 3 to 5 DPI
by spectrofluorimetry. Vectors containing the tobacco extensin
terminator provided an approximately 2.5-fold increase in GFP
production compared to vspB (Figure 2A). Quantitative real-
time RT-PCR showed that the increase in GFP was associated
with a similar 2.5-fold increase in GFP transcripts (Figure 2B).
Next, we wanted to determine whether the enhancing effect
of the tobacco extensin terminator was gene-specific. Vectors
producing NVCP were agroinfiltrated and analyzed by ELISA.
NVCP concentration was normalized by total soluble protein
(TSP) to eliminate differences in the extraction efficiency or
leaf water weight. An approximately sixfold increase in NVCP
production was observed with the tobacco extensin terminator
compared to vspB (Figure 2C). We have also shown that
the tobacco extensin terminator improves the production of
monoclonal antibodies by a similar level (data not shown). These
data indicate that the tobacco extensin terminator has strong
potential to enhance transgene expression, likely by stabilization
of the mRNA, and its enhancing effect is not gene-specific. The
tobacco extensin terminator was used for all further studies.
Diverse 5′ UTRs Greatly Impact
Transgene Production
Previously, we reported BeYDV vectors that contained the 5′
UTR from either tobacco etch virus (TEV) or tobacco mosaic
virus (TMV). In order to systematically evaluate the role of
the 5′ UTR on transgene production, we created a series of
BeYDV transient expression vectors containing diverse 5′ UTRs
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FIGURE 2 | Extensin terminator increases transgene production and mRNA accumulation. (A) Fluorimetric analysis of GFP production. N. benthamiana
leaves were agroinfiltrated with BeYDV vectors containing either the vspB terminator (gray bars, pBYGFP.R) or tobacco extensin terminator (black bars,
pBYGFP.EFR). Leaves from agroinfiltrated tissue were harvested at 3–5 DPI and analyzed for GFP production by spectrofluorimetry using excitation and emission
wavelengths of 485 and 538 nm. GFP production was normalized by total soluble protein. Columns represent means ± SD from six independently infiltrated
samples. (B) Total RNA from agroinfiltrated N. benthamiana leaves were analyzed for GFP mRNA accumulation by quantitative RT-PCR at 3 DPI. Translation
elongation factor 1α was used as an internal loading control. Columns represent means ± SD from four independent infiltrated samples. (C) NVCP production.
Protein extracts from N. benthamiana leaves agroinfiltrated with either the vspB terminator (gray bars, pBYNVCP.R) or the tobacco extensin terminator (black bars,
pBYNVCP.REF) harvested at 3 DPI were analyzed for NVCP production by ELISA and normalized by total soluble protein. Columns represent means ± SD for nine
independently infiltrated samples.
from viral, plant, and human sources upstream from the green
fluorescent protein (GFP) gene (Figure 1; Table 2). As the
nucleotides directly surrounding the start codon are known to
play a role in translation initiation, we standardized all vectors to
contain the nucleotides ACC (to accommodate the NcoI site) or
ACA preceding the ATG, which has been reported to be optimal
for dicot plants (Sugio et al., 2010). We found no difference in
the performance of vectors with ACC or ACA. These vectors
were delivered to N. benthamiana leaves by agroinfiltration
and monitored for green fluorescence. To minimize leaf-to-leaf
variation, each leaf was infiltrated with a vector containing the
TMV 5′ UTR as an internal control alongside vectors containing
the 5′ UTRs to be tested.
First, we compared a set of 11 human-derived sequences
found to provide cap-independent translational enhancement
(Wellensiek et al., 2013). There is evidence that some 5′ UTR
elements function cross-kingdom, especially A-rich polypurine
sequences (Dorokhov et al., 2002; Terenin et al., 2005).
We found that many of the human 5′ UTRs, as well as
a polypurine sequence, produced bright green fluorescence
under UV illumination (Figure 3A). To further analyze GFP
production, protein extracts from agroinfiltrated leaves were
separated by SDS-PAGE followed by Coomassie staining or
visualization under UV light, and the GFP band intensity was
quantified by densitometry. Gel quantification showed many of
the human-derived 5′ UTRs, as well as the polypurine 5′ UTR,
produced GFP at a level comparable to the commonly used plant
viral 5′ UTRs from TEV and TMV (Figure 3B). These data
indicate that 5′ UTRs from sources outside of the plant kingdom
can support high levels of translation in N. benthamiana.
Next, we tested the 5′ UTRs from RNA plant viruses. Among
the 5′ UTRs tested, the TMV 5′ UTR appeared to provide the
brightest fluorescence, followed by TEV (Figure 3A). Using gel
quantification, the TMV 5′ UTR provided a >40% increase in
GFP yield over the TEV 5′ UTR (Figure 3B). A truncation
containing only nucleotides 1–22 of the TMV 5′ UTR performed
as well as the full length sequence, indicating that the poly(CAA)
region of the TMV 5′ UTR is not necessary for high levels of
translation in N. benthamiana, at least in a replicating system
(Figure 3B). Constructs containing the 5′ UTR from AMV, as
well as constructs containing the 5′ and 3′ UTRs from BYDV or
pea enation mosaic virus (PEMV; Fan et al., 2012), showed poor
GFP production and were not studied further (Figure 3A).
We also wished to test the activity of plant-derived 5′ UTRs
in the BeYDV system. It has been reported that a 5′ UTR
derived from 63 nucleotides upstream from the start codon
of the A. thaliana photosystem K subunit (AtPsaK) enhanced
transgene expression in transgenic tobacco leaves (Agarwal et al.,
2014). Using our system, we found that the 63nt AtPsaK 5′ UTR
produced intense green fluorescence, and gel quantification data
indicate that GFP production was increased by >20% compared
to the TMV 5′ UTR (Figures 3A,B). The AtPsaK 5′ UTR
(accession NM_102775) appears to be a truncation of the full-
length 129 nt 5′ UTR. To further delineate the active region of
the AtPsaK 5′ UTR, we created deletions at its 5′ and 3′ ends
and tested their potential to enhance GFP production in non-
replicating transient expression vectors. Using gel quantification,
we found that a truncation removing nucleotides −1 to −23
upstream from the start codon resulted in a ∼14% decrease in
GFP production, while a truncation removing nucleotides−42 to
−63 resulted in a ∼13% increase in GFP production (Figure 4).
A similar ∼12% enhancement was observed in replicating GFP
vectors (Figure 3B).
To determine whether the 5′ UTRs from related psaK
genes have potential for high levels of transgene production,
two psaK homologs were identified from N. benthamiana
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FIGURE 3 | Evaluation of diverse 5′ UTRs on GFP production. Leaves of N. benthamiana were agroinfiltrated with BeYDV containing different 5′ UTRs upstream
from the GFP gene vectors (vector pBYR2eXX-GFP, where XX denotes the individual 5′ UTRs). (A) Leaves were photographed at 4 DPI under UV illumination
(365 nm). Images are representative of 3–4 independently infiltrated leaves. (B) Agroinfiltrated leaves were harvested between 4 and 5 DPI and extracts were
analyzed by SDS-PAGE followed by observation under UV illumination (365 nm) and Coomassie staining. GFP band intensity was quantified using ImageJ software,
using native plant proteins as a loading control. Columns represent means ± standard error of three or more independently infiltrated leaves. All leaves were
infiltrated with the TMV 5′ UTR vector in addition to the other vectors as an internal control for leaf and plant variability. Two stars (∗∗) indicate p < 0.05 and three
stars (∗∗∗) indicate p < 0.01 as compared to TMV by Student’s t-test. 5′ UTR key (position -1 taken as first nucleotide upstream from ATG): TMV, tobacco mosaic
virus full length 5’ UTR; AtPsaK 3′ , nucleotides −1 to −41 of AtPsaK gene; AtPsaK, nucleotides −1 to −63 of AtPsaK gene; TMV 3′ , nucleotides −1 to −21 of TMV;
TEV, tobacco etch virus full length 5′ UTR; PP, synthetic polypurine sequence; AMV, full length alfalfa mosaic virus 5′ UTR; BYDV, full length barley yellow dwarf virus
5′ and 3′ UTRs; PEMV, full length pea enation mosaic virus RNA 2 5′ and 3′ UTRs; 10; 20; 5D5; 43; 19; 12; 13; 23; 54; 48; 26, human-derived 5′ UTR sequences.
FIGURE 4 | Truncated psaK 5′ UTRs provide high levels of transgene
production. Leaves of N. benthamiana were agroinfiltrated with
non-replicating vectors containing different psaK 5′ UTRs, or the TMV 5′ UTR,
upstream from the GFP gene (pGFPe-XX, where XX denotes the 5′ UTR).
Agroinfiltrated leaf tissue was harvested at 5 DPI and leaf extracts were
analyzed by SDS-PAGE followed by coomassie staining. GFP band intensity
was quantified using ImageJ software, using native plant protein bands as a
loading control. Columns represent means ± standard error from four
independently infiltrated samples. Two stars (∗∗ ) indicate p < 0.05 and three
stars (∗∗∗) indicate p < 0.01 as compared to TMV by Student’s t-test.
(referred to as NbPsaK1 and NbPsaK2) and their 5′ upstream
regions were cloned into non-replicating GFP expression vectors.
These vectors were agroinfiltrated alongside the TMV and
AtPsaK 5′ UTRs for comparison. By gel quantification, the
163 nt upstream region from NbPsaK1 was found to have
very minimal activity, whereas the 170 nt upstream region
from NbPsaK2 produced GFP at ∼50% of the level of the
TMV 5′ UTR (Figure 4). Inspection of the nucleotide sequence
revealed the presence of upstream ATGs in both NbPsaK1 and
NbPsaK2. As the 3′ end was the most active region of the
AtPsaK 5′ UTR, similar truncations were made for the NbPsaK
upstream regions (referred to as NbPsaK1 3′ and NbPsaK2 3′).
These new constructs were agroinfiltrated alongside the full-
length version and tested by gel quantification. The NbPsaK1
truncation enhanced GFP production by >20-fold compared to
the original vector (Figure 4). The NbPsaK2 truncation enhanced
GFP production by 2.4-fold compared to the original vector,
corresponding to a >40% improvement compared to the TMV
5′ UTR (Figure 4). These results indicate that the regions 40–
60 nt upstream from the A. thaliana and N. benthamiana psaK
genes are highly active in N. benthamiana leaves, and are capable
of enhancing protein production at a level greater than the widely
used TMV 5′ UTR.
To further assess the potential of the 5′ UTR to improve
transgene production, several promising 5′ UTRs were tested
in BeYDV vectors producing NVCP. Protein extracts from
agroinfiltrated leaf samples were normalized for TSP and
analyzed by NVCP ELISA. In general agreement with the results
found for GFP, several of the human 5′ UTRs performed as well
as the TMV 5′ UTR, and the TMV 5′ UTR resulted in a ∼30%
increase in NVCP production compared to the TEV 5′ UTR
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(Figure 5). Additionally, vectors containing the AtPsaK 5′ UTR
produced NVCP at 15.9 ± 1.5% TSP compared to 11.3 ± 1.0%
TSP for the TMV 5′ UTR (Figure 5). Further, the truncated
form of the AtPsaK 5′ UTR (AtPsaK 3′) produced as much
or more NVCP as the unmodified 5′ UTR. These data further
demonstrate the capacity of the 5′ UTR to enhance recombinant
protein production, and show that the enhancing activity of the
unmodified or truncated AtPsaK 5′ UTR is not gene-specific.
Matrix Attachment Regions Enhance
Transgene Production and Reduce Plant
Cell Death
The presence of MARs has been reported to enhance transgene
production using transgenic systems (Halweg et al., 2005;
Xue et al., 2005; Ji et al., 2013). Many of the postulated
mechanisms by which MARs enhance transgene production,
such as by preventing repressive chromatin modifications or by
the interaction of chromatin with the nuclear matrix, require the
gene of interest to be organized into chromatin. Thus it is unclear
whether MARs would function in transient expression systems
that do not involve stable chromosomal integration. However,
replicated geminivirus DNA has been shown to associate with
cellular histones, forming viral minichromosomes (Pilartz and
Jeske, 1992, 2003). Therefore, we investigated the potential for
MARs to improve BeYDV vectors.
The tobacco Rb7 MAR was inserted into BeYDV vectors
(Figure 1) either with two copies flanking the expression cassette
(5′ + 3′ MAR), or one copy in the 3′ position (3′ MAR). Placing
the MAR only in the 5′ position was not found to be as effective
as the other two configurations in preliminary studies and was
not pursued further (data not shown). Leaves of N. benthamiana
were co-infiltrated with BeYDV vectors containing the rituximab
heavy and light chains both either with or without the Rb7
FIGURE 5 | Evaluation of 5′ UTRs on NVCP production. Agroinfiltrated
leaves of N. benthamiana were harvested between 4 and 5 DPI and protein
extracts were analyzed for NVCP production (vector pBYR2eXX-sNV) by
ELISA. NVCP concentration in leaf extracts was normalized by total soluble
protein. Columns represent results from four independently infiltrated leaf
samples ± standard error. Two stars (∗∗) indicate p < 0.05 as compared to
TMV by Student’s t-test.
MAR at either the 3′ or 5′ + 3′ positions. Protein extracts
from infiltrated leaf spots were normalized for TSP and assayed
for rituximab production by IgG ELISA. Remarkably, it was
found that while both MAR-containing vectors enhanced IgG
production, the vector containing only the 3′ MAR resulted in
a 3.4-fold increase in IgG production, representing 14.3 ± 1.6%
TSP for the 3′ MAR vector compared to 4.2 ± 1% TSP for
the control with no MAR elements (Figure 6A). Inspection
of the infiltrated leaves revealed a substantial reduction in leaf
tissue necrosis with the MAR-containing vectors (Figure 6B).
These data indicate that MARs have potential to enhance protein
production using geminiviral transient expression vectors, and
this enhancement is correlated with a reduction in plant cell
death.
Effects of Agrobacterium Strain on
Transgene Production and Cell Death
The choice of Agrobacterium strain has been shown to play an
important role in many aspects of transient protein production,
including T-DNA transfer efficiency, plant health, and overall
yield (Gleba et al., 2014; Shamloul et al., 2014; Sheikh et al.,
2014). To investigate the effects of Agrobacterium strain on
recombinant protein production, we introduced BeYDV GFP
vectors to strains LBA4301, GV3101, and EHA105. Leaves of
N. benthamiana were agroinfiltrated with each strain at OD600
of 0.2 and monitored for plant health and GFP production.
At 4 DPI, spots infiltrated with GV3101 developed faint leaf
browning, whereas the other two constructs had no detectable
changes from uninfiltrated leaf tissue (data not shown). By 7
DPI, leaf spots infiltrated with GV3101 had become severely
necrotic, while EHA105 or LBA4301 only had just begun to
develop necrotic tissue (Figure 7B). Inspection of leaves under
UV light revealed that fluorescing leaf regions infiltrated with
EHA105 were substantially brighter than areas infiltrated with
either of the other strains (Figure 7A).
To further compare the effects of EHA105 and GV3101
more quantitatively, BeYDV rituximab vectors were introduced
to each strain and agroinfiltrated into N. benthamiana leaves.
Leaf extracts were normalized for TSP and analyzed by IgG
ELISA. In agreement with the data obtained using GFP vectors,
Agrobacterium strain EHA105 substantially improved rituximab
production: 10.9 ± 1.6 % TSP for EHA105 compared to
5.3 ± 1.1% TSP for GV3101 (Figure 7C). Additionally, the
increase in rituximab production was correlated with a reduction
in plant cell death. These results demonstrate the importance
of Agrobacterium strain on improving recombinant protein
production.
Optimized Genetic Elements Function
Synergistically to Further Enhance
Transgene Production
We determined the potential for the enhancing effects of the
genetic elements identified in the present study to function
synergistically with one another. Agrobacterium strain EHA105
was observed to perform better with all tested constructs, and
was used for the remainder of studies (data not shown). BeYDV
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FIGURE 6 | Rb7 MAR enhances transgene production and reduces cell death. (A) Protein extracts from leaves of N. benthamiana were infiltrated with BeYDV
vectors containing the rituximab heavy chain and light chain were analyzed by ELISA. Constructs contained either the Rb7 MAR both upstream from the promoter
and downstream from the terminator (5′ + 3′ MAR, vectors pBYR2e-MMGM and pBYR2e-MMKM); the downstream Rb7 MAR only (3′ MAR, vectors
pBYR2e-MrtxGM and pBYR2e-MrtxKM); or no modifications (No MAR, vectors pBYR2e-MRtxG and pBYR2e-MRtxK). Rituximab concentrations were normalized by
total soluble protein. Columns represent results from four independently infiltrated leaf samples ± standard error. Two stars (∗∗) indicate p < 0.05 and three stars
(∗∗∗ ) indicate p < 0.01 as compared to construct No MAR by Student’s t-test. (B) N. benthamiana leaves were agroinfiltrated with BeYDV rituximab vectors either
containing 5′ + 3′ MAR (left half of leaf) or no MAR (right half of leaf). A representative leaf was photographed under visible light at 4 DPI.
FIGURE 7 | Agrobacterium strain EHA105 increases transgene production and reduces cell death. (A,B) Leaves of N. benthamiana were infiltrated with
Agrobacterium strains EHA105, GV3101, or LBA4301, each harboring a BeYDV GFP vector (pBYR2eFa-GFP). Representative images of four independently
infiltrated leaves were photographed at 4 DPI under UV illumination (A) or 7 DPI under visible light (B). (C) Leaves of N. benthamiana were infiltrated with
Agrobacterium strains EHA105 or GV3101 harboring BeYDV rituximab vectors (pBYR2e-MRtxG and pBYR2e-MRtxK). Leaf extracts were analyzed for rituximab
production by sandwich ELISA and data was normalized by total soluble protein. Columns represent data from four independently infiltrated samples ± standard
error. Two stars (∗∗) indicates p < 0.05 by Student’s t-test.
NVCP vectors were created which contained the AtPsaK 5′ UTR
and extensin terminator with or without the 3′ Rb7 MAR, and
were agroinfiltrated using strain EHA105 into N. benthamiana
leaves. NVCP ELISA showed that insertion of the 3′ Rb7
MAR paired with the AtPsaK 5′ UTR and extensin terminator
significantly enhanced NVCP production, yielding 20.3 ± 1.5%
TSP compared to 15.7 ± 1.3% TSP for the construct lacking the
MAR (Figure 8A, last two columns). This yield corresponds to
1.8 mgNVCP per gram leaf fresh weight. These results, compared
with previous data, indicate that the optimizations identified
in this study provide synergistic enhancement of transgene
production, enabling very high levels of recombinant protein
production (Figures 8A,B).
DISCUSSION
In recent years, transient expression systems have become
the method of choice for plant-based recombinant protein
production. In addition to their high yields, the rapid speed
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FIGURE 8 | BeYDV vector improvements enhance transgene production synergistically. (A) Summary of improvements in NVCP production. Extracts from
leaves of N. benthamiana agroinfiltrated with BeYDV NVCP vectors were analyzed by sandwich ELISA. Data were normalized for total soluble protein. Columns
represent results from four or more independently infiltrated leaf samples ± standard error. Two stars (∗∗) indicates p < 0.05 as compared to AtPsaK/Ext/EHA105 by
Student’s t-test. Transgenic, estimated yield (Santi et al., 2006); TEV, tobacco etch virus 5′ UTR; VspB, 3′ UTR from soybean vspB gene; LBA4404, Agrobacterium
strain LBA4404; Ext, tobacco extensin terminator; TMV, tobacco mosaic virus 5′ UTR; GV3101, Agrobacterium strain GV3101; EHA105, Agrobacterium strain
EHA105; MAR, tobacco Rb7 matrix attachment region inserted 3′ of the gene terminator; psaK, 5′ UTR from A. thaliana psaK gene. (B) Extracts from leaves of
N. benthamiana agroinfiltrated using strain EHA105 with BeYDV GFP (pBYR2eP3-GFPM), NVCP (pBYR2eP3-sNVM), or rituximab vectors (Rtx,
pBYR2ePSI-MrtxGM + pBYR2ePSI-MrtxKM) were separated on SDS-PAGE gels and stained with Coomassie dye. The bands corresponding to GFP (26 kDa) and
NVCP (58 kDa) are indicated, along with the rubisco large subunit rbcL.
of these systems (4–5 days for BeYDV vectors) offers many
unique advantages over stable transgenic systems, such as the
ability to produce personalized therapeutics as reported for non-
Hodgkin’s lymphoma (Bendandi et al., 2010; Tuse et al., 2015),
and to rapidly respond to virus outbreaks or bioterrorism events
(D’Aoust et al., 2010). Additionally, transient expression systems
circumvent the regulatory issues associated with the creation of
genetically modified organisms.
The most widely used transient expression system,
magnICON, uses viral vectors derived from TMV and PVX
(Giritch et al., 2006). Due to the competing nature of many
RNA viruses, this system cannot produce recombinant proteins
with more than two heterosubunits, excluding the efficient
production of secretory IgAs, IgMs, and heteromultimeric
virus-like particles, among other desirable biopharmaceuticals
(Chen and Lai, 2013). A non-replicating system based on cowpea
mosaic virus was has been used to produce bluetongue virus-like
particles, allowing proper assembly of four heterosubunits
(Thuenemann et al., 2013b). However, this system lacks the high
yields associated with the other replicating systems (Gleba et al.,
2014).
To circumvent these issues, we developed a transient
expression system based on BeYDV which generates non-
competing DNA replicons to drive high-level production of
heteromultimeric proteins (Huang et al., 2010). While this
system generates massive amounts of DNA copies of the
target gene(s) which are thought to result in a saturation of
the plant transcription machinery, the disparity between gene
copy number, transcript accumulation, and protein production
suggested that each transcript was not being efficiently utilized
by the plant cell (Huang et al., 2009, 2010; Regnard et al.,
2010). Therefore, we hypothesized that optimizing the genetic
elements involved in efficient transcript processing, stability, and
utilization could further improve the BeYDV system.
In the current study, we present a comprehensive comparison
of diverse genetic elements and assess their potential to enhance
plant-based recombinant protein production. We compared a
large set of 5′ UTRs derived from human, plant, and viral
sequences. In agreement with previous studies demonstrating
cross-kingdom translational enhancement of certain 5′ UTRs
(Dorokhov et al., 2002; Terenin et al., 2005), we found that
many of the human sequences, as well as the polypurine 5′
UTR described by Dorokhov et al. (2002) provided high levels
of GFP production in leaves of N. benthamiana, in some cases
out-performing the routinely used viral 5′ UTRs from tobacco
etch virus or AMV (Figures 3A,B). Among the virus-derived
5′ UTRs tested, we found the TMV 5′ UTR provided the
highest level of transgene expression. Some of the viral elements
tested, especially those containing long 3′ UTRs, performed very
poorly. As RNA viruses are not typically adapted for the plant
nucleus, many of these sequences may contain cryptic splice
sites or other detrimental elements. We suspect that rigorous
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optimization of these sequences, such as through the insertion of
introns and removal of sequences known to destabilize mRNA,
could significantly improve the performance of genetic elements
derived from these viruses.
Interestingly, despite the historic success of viral elements in
driving high levels of protein production, we also found that
the plant-derived 5′ UTRs from the psaK homologs of both
A. thaliana and N. benthamiana were capable of enhancing
recombinant production by as much as 40% more than the
widely used TMV 5′ UTR (Figure 4). In particular, the first 40–
60 nt directly upstream from the ATG seemed the most potent,
possibly due to the removal of inhibitory regulatory sequences
further upstream (Figure 4). Furthermore, we investigated the
potential of the tobacco extensin terminator to enhance transgene
production. It was found to prevent read-through transcription,
enhance mRNA accumulation, and enhance protein production
at a level greater than the 35S or nopaline synthase terminators,
among other commonly used gene terminators (data to be
presented elsewhere, Figure 2). We anticipate that further
investigation of other native genetic elements from highly
expressed plant genes has great potential to improve recombinant
protein production systems.
Matrix attachment regions have a well-supported history of
enhancing transgene production in transgenic plants (Halweg
et al., 2005; Xue et al., 2005; Wang et al., 2007; Zhang et al.,
2009; Ji et al., 2013), though their features seem variable
or, in many cases, poorly understood. In the present study,
we show that a MAR increases transgene production and
reduces cell death in a plant transient expression system.
Replicated geminivirus DNA has been shown to be organized
into chromatin (Pilartz and Jeske, 1992; Pilartz and Jeske,
2003), and subject to repressive DNA methylation (Raja et al.,
2008), indicating that MARs could be functionally active in
BeYDV replicons. We found that insertion of the Rb7 MAR
had a substantial enhancing effect on rituximab production,
improving yield by 3.4-fold (Figure 6A). The MAR was most
active when placed 3′ of the expression cassette, in contrast
to other studies which found optimal placement upstream
from the promoter, or in both positions (Zhang et al., 2009).
Inspection of the tobacco Rb7 sequence reveals the presence
of many polyadenylation and transcription termination signals,
suggesting the alternative hypothesis that the 3′ MAR is
acting as a second gene terminator or otherwise stabilizing
the mRNA. Double terminators have been found to have a
dramatic enhancing effect on transgene production (Beyene
et al., 2011). Unexpectedly, we also found a dramatic decrease
in cell death associated with the insertion of the tobacco Rb7
MAR (Figure 6B). Further studies are underway to characterize
the function of the Rb7 MAR and other MARs in enhancing
transgene production and reducing cell death in the BeYDV
system.
One of the drawbacks of transient expression systems
compared to stable transgenics is the requirement for
Agrobacterium to deliver the gene of interest to the plants.
An ideal Agrobacterium strain should minimize deleterious plant
cell interactions while providing efficient T-DNA transfer to
reduce the concentration of Agrobacterium required for complete
gene delivery to all plant cells. We wished to evaluate different
strains of Agrobacterium using the BeYDV system. EHA105 has
been reported to overexpress virG, a transcriptional activator
that regulates T-DNA transfer through induction of vir gene
expression (Jin et al., 1987). Additionally, GV3101 and LBA4404
have been reported to have differing effects on the activation
of plant immune response genes through the production of
cytokinins (Sheikh et al., 2014). Previously, we found that strain
GV3101 enhanced transgene production compared to strain
LBA4404 (data not shown). In this study, we compared strains
GV3101, LBA4301, and EHA105, and found that EHA105 both
enhanced transgene production, and reduced plant cell death.
Our results demonstrate that Agrobacterium strain can have
a dramatic effect on recombinant protein production systems
(Figure 7). A strain CryX is reported to provide 100–1000
times the gene delivery efficiency compared to commonly used
Agrobacterium strains (Gleba et al., 2014). These studies indicate
there is great potential to reduce plant toxicity and improve
T-DNA transfer efficiency by optimizing the Agrobacterium
strain.
CONCLUSION
By optimizing the gene terminator, 5′ UTR, and Agrobacterium
strain, and by targeted insertion of MAR elements, we have
dramatically improved the BeYDV transient expression system.
We have used this system to produce NVCP at up to 20% TSP,
corresponding to 1.8 mg per gram leaf fresh weight, a >4-
fold improvement over the original vector (Huang et al., 2009)
and more than twice the highest level ever reported in a plant-
based system (Santi et al., 2008). Furthermore, we have also
produced the monoclonal antibody rituximab at up to 1 mg
per gram leaf fresh weight, which is twice the highest level
previously reported for a monoclonal antibody using BeYDV
vectors (Huang et al., 2010). We expect these improvements
to be broadly applicable to other DNA expression systems.
Additionally, these modifications could be used to fine-tune
expression in cases where multiple proteins need to be produced
at different levels.
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